282 located in the NH 2 -terminal part of transmembrane helix M3 of the Na ؉ ,K ؉ -ATPase was replaced by alanine, glycine, leucine, lysine, aspartate, or glutamine, and the effects of the mutations on the overall and partial reactions of the enzyme were analyzed. The mutations affected at least 3 important functions of the Na ؉ ,K ؉ -ATPase: (i) the conformational transitions between E 1 and E 2 forms of dephospho-and phosphoenzyme, (ii) Na ؉ binding at the cytoplasmically facing sites of E 1 , and (iii) long-range interaction controlling dephosphorylation. In mutants Glu 282 3 Lys and Glu 282 3 Asp, the E 1 form was favored during ATP hydrolysis, whereas the E 2 form was favored in Glu 282 3 Ala and Glu 282 3 Gly. Regardless of the change of conformational equilibrium, all the mutants displayed a reduced apparent affinity for Na ؉ , at least 3-fold for Glu 282 3 Lys and Glu 282 3 Asp, suggesting a direct effect on the Na ؉ binding properties of E 1 . Glu 282 3 Ala and Glu 282 3 Gly exhibited an extraordinary high rate of ATP hydrolysis in the mere presence of Na ؉ without K ؉ ("Na ؉ -ATPase activity"), because of an increased rate of dephosphorylation of E 2 P. These results are in accordance with the hypothesis that Glu 282 is involved in the communication between the cation binding pocket and the catalytic site and in control of the cytoplasmic entry pathway for Na ؉ .
The Na ϩ ,K ϩ -ATPase 1 present in the plasma membranes of all animal cells is an ion pump that uses the energy derived from hydrolysis of ATP to drive transport of Na ϩ out of the cell in exchange for K ϩ taken up (1) . It is a member of the family of P-type ATPases whose common functional characteristic is that they form a phosphorylated intermediate by reaction with ATP at a conserved aspartyl residue. Furthermore, the ion pumps belonging to this family seem to have similar overall structures, and recently the structure of one of the family members, the sarcoplasmic reticulum Ca 2ϩ -ATPase, was determined at atomic resolution (2) . The cytoplasmic portion comprises three main domains: A ("actuator"), N ("nucleotide," binds ATP), and P ("phosphorylation," contains the phosphorylated aspartate). The membrane domain, which binds and translocates the ions, consists of 10 transmembrane helices (denoted M1-M10), of which M4 and M6 are partly unwound to be able to contribute ligands to the ion binding pocket (2) .
During the transport cycle of the Na ϩ ,K ϩ -ATPase, the cation binding pocket common to Na ϩ and K ϩ opens consecutively to either side of the membrane (1, (3) (4) (5) . The mechanism involves phosphorylated and dephosphorylated enzyme forms, both of which undergo relatively large conformational changes coupled to ion translocation steps (6) . The cycle begins with the binding of 3 Na ϩ ions per ATPase molecule to the cytoplasmically facing sites of the E 1 form, whereby the enzyme becomes activated and proceeds to utilization of ATP, which is bound with high affinity to E 1 . A "high-energy" phosphoenzyme intermediate, E 1 P, is formed, which is spontaneously converted into the "low energy" E 2 P phosphoenzyme that releases bound Na ϩ at the extracellular side of the membrane. Two K ϩ ions bind with high affinity at the sites in the extracellularly facing configuration, thereby stimulating the hydrolysis of the E 2 P phosphoenzyme intermediate, leading to formation of an E 2 form containing K ϩ trapped within the binding pocket in the protein in a so-called "occluded" state (indicated by K ϩ in parentheses as "E 2 (K 2 )"). Binding of ATP with low affinity to E 2 (K 2 ) accelerates the transition to E 1 and facilitates release of K ϩ to the cytosol.
Previous mutational studies of P-type ATPases have pinpointed highly conserved residues with oxygen-containing side chains in transmembrane segments M4, M5, and M6 as essential to cation binding and occlusion (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The high-resolution crystal structure of the Ca 2ϩ -ATPase with bound Ca 2ϩ revealed that indeed these residues donate Ca 2ϩ ligands in the binding pocket (2) . Although considerable information has been obtained concerning the cation binding residues, much remains to be learned about the conformational changes that couple the binding and release of the cations to the phosphorylation and dephosphorylation reactions occurring in the catalytic site more than 40 Å away. Furthermore, the pathways for migration of the cations to and from the membrane-embedded ligands have not been identified, and these pathways most likely contribute to define the cation binding properties, including the ability to select particular ions.
The NH 2 -terminal part of transmembrane helix M3 is located about midway between the catalytic site and the cation binding residues in M4, M5, and M6. In the Ca 2ϩ -ATPase crystal structure, the NH 2 -terminal part of M3 seems to occupy a strategic position that allows it to interact with M4 as well as the cytoplasmic loop ("L6 -7") connecting M6 and M7 (2) . The specific Ca 2ϩ -ATPase inhibitor thapsigargin binds to this region, whereby it prevents Ca 2ϩ binding and conformational changes (21, 22) . A recent mutagenesis study analyzing chime-ras with short sequences of the Ca 2ϩ -ATPase replaced by the corresponding Na ϩ ,K ϩ -ATPase segments has implicated the region in control of Ca 2ϩ binding (23) . No analysis of the partial reactions of Na ϩ ,K ϩ -ATPase mutants with alterations to residues in M3 has previously been reported. In addition to a few conserved residues, M3 contains several polar and charged residues that are not conserved between the Ca 2ϩ -ATPase and the Na ϩ ,K ϩ -ATPase, and which, therefore, might contribute to define the cation selectivity or other cation specific aspects of these enzymes. In the present study, we have focused on the role of the glutamic acid residue Glu 282 located at the NH 2 -terminal end of M3 (Fig. 1 ). The amino acid residue at the equivalent position in the Ca 2ϩ -ATPase is a lysine (Lys 252 ), which is one of 4 residues whose simultaneous replacement in a chimera gave rise to a change of the Ca 2ϩ binding properties (23) . In the Ca 2ϩ -ATPase crystal structure, Lys 252 is within hydrogen bonding/van der Waals interaction distance of L6 -7 (2), and disruption of this interaction would provide an interesting explanation of the functional change observed in the chimera (23) . It is interesting that the Na ϩ ,K ϩ -ATPase has a side chain of opposite charge at this position. In the absence of a high-resolution structure of the Na ϩ ,K ϩ -ATPase, there is presently no information available on the interactions of the Glu 282 side chain in the Na ϩ ,K ϩ -ATPase. Glu 282 is conserved in all known Na ϩ ,K ϩ -ATPase sequences of various species and isoforms, but at the onset of the present study it was unknown whether the glutamate is functionally important. Here, we have tested the importance of Glu 282 by studying a series of six Na ϩ ,K ϩ -ATPase mutants replacing Glu 282 with residues of diverse physicochemical properties: the positively charged lysine present in the Ca 2ϩ -ATPase, three hydrophobic residues of various sizes, alanine, glycine, and leucine, the small negatively charged aspartate, and the neutral but polar and isosteric glutamine. Our results demonstrate that the nature of the side chain at position 282 is quite important for the functional properties of the cation binding sites, both in their cytoplasmically and extracellularly facing configuration, and for the conformational changes of the Na ϩ ,K ϩ -ATPase.
EXPERIMENTAL PROCEDURES
Mutagenesis, Transfection, and Selection-Base substitutions of the codon for Glu 282 corresponding to replacement of the glutamic acid residue with alanine, glycine, leucine, lysine, aspartate, and glutamine were introduced into the cDNA encoding the ouabain-resistant rat ␣ 1 -isoform of the Na ϩ ,K ϩ -ATPase by use of oligonucleotide-directed mutagenesis (24 -26) . Following transfection of COS-1 cells with the wild-type or mutated rat ␣ 1 cDNA constructs, ouabain-resistant colonies expressing the exogenous rat Na ϩ ,K ϩ -ATPase were selected by growth in the presence of 5 M ouabain, expanded into stable cell lines, and up-regulated to the highest possible expression level by growth at low extracellular K ϩ -concentrations, as described before (11, 26, 27) . Plasma Membrane Isolation and Na ϩ ,K ϩ -ATPase Activity AssayCrude NaI-treated plasma membranes were isolated from transfected COS-1 cells expressing wild-type or mutant exogenous rat Na ϩ ,K ϩ -ATPase. The concentration of total protein was determined using the dye binding method of Bradford (28) . The plasma membranes were made leaky by use of either sodium deoxycholate or alamethicin, and the ATPase activity was measured as described previously (26, 27) . The ouabain-resistant Na ϩ ,K ϩ -ATPase activity associated with the expressed exogenous enzyme was calculated by subtracting the ATPase activity measured at a concentration of ouabain (10 mM) that inhibits all Na ϩ ,K ϩ -ATPase activity from that measured at 10 M ouabain. The turnover rate was calculated as the ratio between the Na ϩ ,K ϩ -ATPase activity and the active site concentration (29) .
Studies of Phosphoenzyme at 0 and 10°C-Studies of the Na ϩ dependence of steady-state phosphorylation from ATP, the time course of ATP-and ADP-dependent dephosphorylation, and the determination of the active site concentration by phosphorylation in the presence of 150 mM NaCl and oligomycin (20 g/ml) to inhibit dephosphorylation were carried out at 0°C as previously described (29) . Deocclusion of K ϩ was studied in phosphorylation experiments at 10°C as previously (15, 30, 31) . The background phosphorylation was determined in the presence of 50 mM KCl without NaCl.
Rapid Kinetic Phosphorylation and Dephosphorylation Studies-To perform rapid kinetic phosphorylation and dephosphorylation experiments at 25°C, a Bio-Logic quench-flow module QFM-5 (Bio-Logic Science Instruments, Claix, France) was used as previously described (31) . The phosphorylation rate of enzyme present in the Na ϩ -saturated form was determined in single mixing experiments carried out according to "Protocol 1" (31) except for the use of trichloroacetic acid (7% final concentration) for acid quenching in some cases. Data obtained using trichloroacetic acid precipitation were indistinguishable from those obtained with phosphoric acid. To monitor the rate of the E 1 P 3 E 2 P transition or the dephosphorylation of E 2 P, a double-mixing procedure was used to study dephosphorylation of the phosphoenzyme formed either in the presence of 600 mM NaCl to accumulate E 1 P ("Protocol 2a") or in the presence of 20 mM NaCl and 130 mM choline chloride to accumulate E 2 P ("Protocol 2b"). Plasma membranes (0.1 mg/ml) suspended in 20 mM Tris (pH 7.5), 3 mM MgCl 2 , 1 mM EGTA, and 10 M ouabain with 600 mM NaCl (Protocol 2a) or 20 mM NaCl and 130 mM choline chloride (Protocol 2b), were mixed with an equal volume of the same buffer containing 4 M [␥-32 P]ATP, and the flow was stopped for 5 s to obtain maximal phosphorylation. Dephosphorylation was initiated by mixing with the double volume (Protocol 2a) or same volume (Protocol 2b) of buffer of the same composition except for its content of NaCl, KCl, unlabeled ATP, and choline chloride, producing final concentrations as indicated in the figure legends. Acid quenching was performed at various time intervals by further mixing with trichloroacetic acid as above. Background phosphorylation, obtained in similar but separate experiments in which 50 mM KCl replaced NaCl, was subtracted from each data point.
Data Analysis and Statistics-Data normalization, averaging, and nonlinear regression analysis were carried out as previously described (31) , and the best fits are shown as lines in the figures with the standard errors indicated in the tables. 
RESULTS

Expression
Na
ϩ ,K ϩ -ATPase 2 was replaced with alanine, glycine, leucine, lysine, aspartic acid, or glutamine, and the six mutant enzymes were expressed in COS-1 cells as previously (26, 27) . The mutant Na ϩ ,K ϩ -ATPases with alterations to Glu 282 were all able to confer ouabain resistance to the COS cells, indicating the ability of the various mutant pumps to transport Na ϩ and K ϩ at rates compatible with cell growth. The expression levels reached for the wild-type and mutant enzymes ranged between 30 and 60 pmol/mg of total membrane protein.
The maximum molecular turnover rate for ATP hydrolysis of the exogenous wild-type and mutant enzymes was calculated as the ratio between the maximum Na ϩ ,K ϩ -ATPase activity and the active site concentration determined by phosphorylation with ATP in the presence of 10 M ouabain to preferentially inhibit the ouabain-sensitive endogenous COS cell Na ϩ ,K ϩ -ATPase. For all mutants except Glu 282 3 Gln, the maximum turnover rate was considerably reduced relative to wild type (Table I) .
Titration of the ouabain concentration dependence of Na ϩ ,K ϩ -ATPase activity (data not shown) indicated that the K 0.5 of the exogenous enzyme for ouabain inhibition was 4 -6-fold increased for Glu 282 3 Gln, relative to the wild type (K 0.5 for ouabain inhibition of wild type 132 M). The K 0.5 of the endogenous COS cell enzyme for ouabain inhibition was found to be 0.3-0.8 M. Taking into account the turnover rate, the ouabain titration data allow calculation of the fraction of active Na ϩ ,K ϩ -ATPase molecules in the preparation contributed by the exogenous enzyme in the absence of added ouabain (30) . This fraction was 92% for the wild type and varied between 84 and 94% for the mutants (data not shown). Na ϩ Dependence of Na ϩ ,K ϩ -ATPase Activity- Fig. 2 and Table I present the results of experiments in which the Na ϩ concentration dependence of the Na ϩ ,K ϩ -ATPase activity was determined for the expressed wild type and the mutants at saturating concentrations of ATP and K ϩ in the presence of 10 M ouabain. The activation by Na ϩ reflects Na ϩ binding at the cytoplasmically facing sites of the E 1 form of the enzyme. Relative to the wild-type enzyme, all the mutants displayed a reduced apparent affinity for Na ϩ (increased K 0.5 ), corresponding to 1.7-2. a The turnover rate calculated as the ratio between the maximal Na ϩ , K ϩ -ATPase activity (measured in the presence of 130 mM Na ϩ , 3 mM ATP, the optimal K ϩ concentration, and 10 M ouabain) and the corresponding active site concentration determined on the same membrane preparation by phosphorylation at 0°C in the presence of 150 mM NaCl together with oligomycin (20 g/ml) as described previously (29, 31) . Average values Ϯ S.E. of 4 -11 independent turnover determinations are shown.
b From Fig. 2 . Gln mutant carrying the most conservative substitution. The increased apparent affinity for K ϩ may explain the reduced apparent affinity for ouabain (see above), because of the well known K ϩ -ouabain antagonism (32) . Fig. 3 , furthermore, demonstrates another characteristic feature of the K ϩ dependence of ATPase activity in these mutants, an unusual ordinate intercept well above the origin, corresponding to as much as 40 -69% (Table I) , and for Glu 282 3 Ala the apparent affinity for ATP was reduced 2.5-fold relative to wild type.
Vanadate Dependence of Na ϩ ,K ϩ -ATPase Activity-According to the Albers-Post mechanism (3) (4) (5) , where ATP binds with high affinity to E 1 and with low affinity to E 2 (K 2 ), the above described effects on the apparent ATP affinity could be secondary to changes in the E 1 7 E 2 conformational equilibrium. As vanadate binds to E 2 but not to E 1 , we used vanadate inhibition to probe the E 1 7 E 2 equilibrium. The vanadate inhibition profiles for the ATPase activity in Fig. 5 show that relative to the wild type the mutants Glu 282 3 Lys and Glu 282 3 Asp displayed a 6 -7-fold reduced apparent affinity for vanadate, indicating depletion of the E 2 form, whereas the mutants Glu 282 3 Ala and Glu 282 3 Gly displayed a 2-3-fold increased apparent affinity for vanadate, indicating accumulation of the E 2 form. Glu 282 3 Gln and Glu 282 3 Leu displayed apparent vanadate affinities very similar to that of the wild type (Table I) . K ϩ Occlusion-To examine the amount of the K ϩ -occluded enzyme at equilibrium in the absence of ATP and Na ϩ and the rate of K ϩ deocclusion at low ATP concentration, the previously described phosphorylation assay (15, 30, 31) was applied. Following formation of the K ϩ -occluded complex in the presence of either 100 M K ϩ (Fig. 6A ) or 1 mM K ϩ (Fig. 6B) , the phosphorylation was monitored upon 10-fold dilution of the enzyme in a solution containing 1 M [␥-32 P]ATP and 100 mM Na ϩ . The time course of phosphorylation is generally biphasic in this type of experiment, consisting of a rapid phase reflecting phosphorylation of the enzyme pool present initially as the nonoccluded E 1 form, and a slow phase (indicated by the line in Fig.  6 ) corresponding to deocclusion of the K ϩ -occluded E 2 (K 2 ) enzyme pool. The reaction sequence leading to phosphorylation of E 2 (K 2 ) proceeds through the steps E 2 (K 2 ) 3 E 1 3 E 1 Na 3 3 E 1 P(Na 3 ), where the release of occluded K ϩ is rate-limiting. The rate constant describing the slow phase reflecting K ϩ deocclusion, and its amplitude, corresponding to the relative amount of enzyme initially present as E 2 (K 2 ), are shown in Table II . For the wild-type Na ϩ ,K ϩ -ATPase, 61% of the enzyme was present in the K ϩ -occluded form following incubation at 100 M K ϩ . For Glu 282 3 Lys, Glu 282 3 Asp, and Glu 282 3 Gln, the corresponding values were 47, 58, and 61%, respectively, and for Glu 282 3 Ala, Glu 282 3 Gly, and Glu 282 3 Leu, it was 89% or higher (Fig. 6A) . Because as much as 1 mM K ϩ was required to reach 89% E 2 (K 2 ) in the wild type (Fig. 6B) , the apparent affinity for K ϩ occlusion must be at least 10-fold higher in the Glu 282 3 Ala, Glu 282 3 Gly, and Glu 282 3 Leu mutants than in the wild type.
As further seen in Fig. 6A and Gly were about 2-fold slower. Thus, the difference between the deocclusion rates of the rapidly deoccluding mutant Glu 282 3 Lys and the slowly deoccluding mutant Glu 282 3 Ala amounted to as much as 10-fold. It should be recognized that although the line corresponding to Glu 282 3 Ala gives the visual impression of being parallel to that corresponding to the wild type, the extracted rate constant is lower than that of the wild type, because the amplitude of the slow phase is larger for Glu 282 3 Ala than for the wild type. Similarly, the extracted rate constant corresponding to Glu 282 3 Leu is close to that of the wild type despite the different slopes of the curves, because the amplitude is higher for the mutant than for the wild type.
To compare Glu 282 3 Lys and wild type under conditions where a larger fraction of the enzyme pool was initially present in the K ϩ -occluded E 2 (K 2 ) form and, thus, the uncertainty with respect to the determination of the amount of E 2 (K 2 ) less, experiments were conducted in which E 2 (K 2 ) was formed in the presence of 1 mM K ϩ . Under these conditions the extent of the slow phase of phosphorylation increased to 89% in the wild type and to 71% in the Glu 282 3 Lys mutant ( Fig. 6B and Table II) . Hence, the difference between the equilibrium levels of E 2 (K 2 ) for Glu 282 3 Lys and the wild type was retained at the higher K ϩ concentration. Furthermore, the rate constant corresponding to the slow phase of phosphorylation remained higher (3-fold) in the mutant as compared with the wild type. Na ϩ Dependence of Phosphorylation-Because K ϩ competes with Na ϩ for binding at the cytoplasmically facing sites, acting as an inhibitor of phosphorylation, the apparent Na ϩ affinity determined by titration of Na ϩ ,K ϩ -ATPase activity (Fig. 2) is influenced by the presence of K ϩ . To reveal the Na ϩ affinity without interference from K ϩ , the Na ϩ dependence of phosphorylation from ATP was studied in the absence of K ϩ (Fig. 7) . In these experiments, variable amounts of N-methyl-D-glucamine were present to maintain the ionic strength constant at 150 mM. Furthermore, oligomycin was added to inhibit dephosphorylation and thus reduce the influence of variation of the dephosphorylation rate as much as possible. The apparent affinity for Na ϩ was reduced (K 0.5 increased) ϳ3-fold in Glu 282 3 Gly, Glu 282 3 Lys, and Glu 282 3 Asp, 2-fold in Glu 282 3 Leu, 1.5-fold in Glu 282 3 Ala, and 1.2-fold in Glu 282 3 Gln, relative to wild type (Table II) . Additional experiments carried out with the wild type and mutants Glu 282 3 Lys and Glu 282 3 Asp, omitting N-methyl-D-glucamine from the assay medium and using a constant concentration of 20 mM Tris as buffer, demonstrated that also in this condition the K 0.5 for Na ϩ was increased ϳ3-fold in Glu 282 3 Lys and Glu 282 3 Asp relative to wild type (data not shown).
Time Course of Phosphorylation at 2 M [␥-
32 P]ATP-To test the phosphorylation reaction E 1 Na 3 3 E 1 P(Na 3 ) and the ATP affinity of the E 1 Na 3 form, a quench-flow module QFM-5 (see "Experimental Procedures") was used to study the time course of phosphorylation with 2 M [␥- 32 P]ATP on a millisecond time scale at 25°C in the presence of 100 mM Na ϩ to saturate the Na ϩ transport sites and oligomycin to reduce the dephosphorylation rate as much as possible (cf. Ref. 31) . A monoexponential function could be satisfactorily fitted to the data, allowing extraction of an apparent rate constant, k obs (Table II) 
, oligomycin (150 g/ml) was added, and the solution was cooled to 10°C and diluted 10-fold by addition of a phosphorylation solution of the same temperature, producing final concentrations of 1 M [␥-32 P]ATP, 100 mM NaCl, 1 mM MgCl 2 , 1 mM EGTA, and 20 mM Tris (pH 7.5). The phosphorylation was monitored by acid quenching at various time intervals. For determination of the 100% value representing fully deoccluded enzyme, the 1-h incubation was carried out in the presence of 50 mM Na ϩ and absence of K ϩ . Average values corresponding to four to ten independent experiments were analyzed by fitting a biphasic time function as previously described (15, 30, 31) . The slow monoexponential component is indicated by the line, and the extracted rate constant reflecting deocclusion, as well as the extent of the slow phase corresponding to the amount of E 2 (K 2 ), are shown in Table II determined for the wild-type enzyme. Because the phosphorylation reaction is less than half-saturated at 2 M ATP in the wild type (see Ref. 31) , any decrease of the affinity of E 1 Na 3 for ATP or of V max for phosphorylation should be reflected as a decrease in the k obs value. Thus, the data are consistent with the notion that neither the phosphorylation reaction nor the binding of ATP is defective in the mutants. Na ϩ -ATPase Activity-The ability of some of the Glu 282 mutants to hydrolyze ATP at a significant rate even in the absence of K ϩ (see Fig. 3 ) led to a more detailed investigation of this Na ϩ -ATPase activity. The Na ϩ dependence is shown in Fig. 8 For the wild type, the Na ϩ dependence of Na ϩ -ATPase activity shows a complex pattern of activation and inhibition. The 282 3 Gln (open squares) at 37°C in the presence of 3 mM ATP, 3 mM MgCl 2 , 30 mM histidine buffer (pH 7.4), 1 mM EGTA, 10 M ouabain, and the indicated concentrations of NaCl. The turnover rate was calculated as the ratio between the ATPase activity and the active site concentration. The data points are average values corresponding to at least four independent titrations. Note the different ordinate scales of the two panels. For comparison, the wild type is shown in each panel. The maximum turnover rate together with the standard error is shown in Table II .
enzyme is activated by low Na ϩ concentrations with a K 0.5 below 1 mM as a result of Na ϩ binding at the cytoplasmically facing sites. This activation phase is followed by an inhibition phase at Na ϩ concentrations between 1 and 5 mM and a further activation at higher Na ϩ concentrations (K 0.5 about 100 mM) because of Na ϩ binding at inhibitory as well as activating extracellularly facing sites (1, 5) . Moreover, some inhibition also occurs at very high NaCl concentrations (Ͼ300 mM), which may involve an effect of the chloride anion on the E 1 P 7 E 2 P equilibrium (33) . Although the Na ϩ -ATPase activity was slightly increased in Glu 282 3 Gln and Glu 282 3 Leu relative to the wild type, the courses of the curves with two activation phases and an intermediate inhibition phase resemble that of the wild type (Fig. 8, lower panel) . By contrast, the curves representing the Na ϩ -ATPase activity of Glu 282 
Asp the inhibition at high NaCl concentrations starts already at 100 mM (Fig. 8, upper panel) , which may reflect a shift of the E 1 P 7 E 2 P equilibrium in favor of E 1 P in these mutants (see further below).
ADP Sensitivity of the Phosphoenzyme-The phosphoenzyme is usually considered to consist of two major pools, E 1 P and E 2 P, that are distinguished by their different reactivities toward ADP and K ϩ . Thus, E 1 P is K ϩ -insensitive but ADPsensitive, i.e. rapidly dephosphorylated by ADP because of its ability to donate the phosphoryl group back to ADP forming ATP, whereas E 2 P is ADP-insensitive and K ϩ -sensitive, i.e. rapidly hydrolyzed in the presence of K ϩ , binding at extracellularly facing sites. The partition of the phosphoenzyme between these two pools at steady state can be analyzed by studying the ADP sensitivity at 0°C. Fig. 9 presents results of experiments with the wild-type Na ϩ ,K ϩ -ATPase and the mutants Glu 282 3 Ala, Glu 282 3 Lys, and Glu 282 3 Leu, in which the time course of dephosphorylation was monitored either in the presence of 2.5 mM ADP together with 1 mM ATP or in the presence of 1 mM ATP without ADP, following phosphorylation by [␥-
32 P]ATP. The phosphorylation as well as the dephosphorylation was carried out in the presence of 20 mM Na ϩ and absence of K ϩ . The data points representing the time course of dephosphorylation in the presence of ATP without ADP could be fitted by a monoexponential function, whereas a biexponential function was required to fit the ADP-induced dephosphorylation. A good fit could be obtained by using for the slow phase the rate constant giving the best fit to the data obtained without ADP. This rate constant describes the rate of dephosphorylation of the E 2 P intermediate, because this step is ratelimiting for the dephosphorylation in the absence of K ϩ and ADP. The extents of the rapid and slow decay components reflect the initial amounts of the ADP-sensitive E 1 P and the ADP-insensitive E 2 P, respectively. The dotted lines in Fig. 9 illustrate the extrapolation of the slow decay component back to the ordinate intercept to indicate the amount of E 2 P. Similar experiments were conducted with the other mutants, and the result of the analysis is shown in Table II for all mutants. For Glu 282 3 Ala, Glu 282 3 Gly, and Glu 282 3 Leu, the distribution of the phosphoenzyme intermediate between E 1 P and E 2 P was similar to that of the wild type, whereas for Glu 282 3 Lys and Glu 282 3 Asp, it was changed considerably in favor of E 1 P. The Glu 282 3 Gln mutant displayed intermediate behavior. The rate constant, corresponding to the slow phase, reflecting the dephosphorylation of E 2 P, was for all mutants found to be significantly increased relative to wild type (3-5-fold, see legend to Fig. 9) .
Dephosphorylation Kinetics at 25°C of Phosphoenzyme Formed at 600 mM NaCl-The E 1 P 3 E 2 P interconversion and the dephosphorylation of E 2 P were further examined for the wild type and two selected mutants, Glu 282 3 Lys and Glu 282 3 Ala. These experiments were performed at a more physiological temperature of 25°C instead of 0°C, using the quenchflow module as previously described (31), to allow comparison of the mutational effects on the partial reactions with the effects observed in the ATPase activity measurements (at 37°C). Fig. 10 shows the results of experiments in which phosphorylation was carried out for 5 s in the presence of a high NaCl concentration of 600 mM to ensure accumulation of the E 1 P form even in the wild type (29, 33) . To observe the E 1 P 3 E 2 P conversion (Fig. 10A) , dephosphorylation was initiated by a downward jump in Na ϩ concentration to 200 mM and a simultaneous addition of 1 mM unlabeled ATP (to terminate the phosphorylation reaction) together with 20 mM K ϩ (to ensure rapid dephosphorylation of E 2 P), followed by acid quenching at various time intervals. The dephosphorylation involves the steps E 1 P 3 E 2 P 3 E 2 , but in the presence of a saturating K ϩ concentration of 20 mM, E 2 P 3 E 2 is much faster than E 1 P 3 E 2 P and does not contribute to rate limitation. By fitting a monoexponential function, the dephosphorylation rate was found 2-fold lower in Glu 282 3 Lys as compared with the wild type, indicating that the E 1 P 3 E 2 P conversion rate is reduced in the mutant or the rate of the reverse E 2 P 3 E 1 P reaction increased. By contrast, the dephosphorylation rate of Glu 282 3 The dotted lines show the extrapolation of the slow decay component corresponding to E 2 P back to the ordinate intercept. The extents of the rapid and slow decay components corresponding to the initial values of E 1 P and E 2 P, respectively, are given in Table II. Ala was similar to that of the wild type or slightly enhanced (Table III) .
To examine whether the high Na ϩ -ATPase activity revealed in Fig. 8 could be accounted for by an increased dephosphorylation rate in the presence of Na ϩ without K ϩ , we carried out a series of dephosphorylation experiments similar to those presented in Fig. 10A , but in the absence of K ϩ (Fig. 10B ). Under these conditions, the dephosphorylation of the wild type occurs at a much lower rate than in the presence of K ϩ , because E 2 P 3 E 2 is very slow, becoming rate-limiting for the whole reaction sequence E 1 P 3 E 2 P 3 E 2 . It is seen in Fig. 10B that the dephosphorylation occurred significantly faster for the mutants compared with the wild type, explaining the increased Na ϩ -ATPase activity. The rate constant extracted from the monoexponential function fitted to the data was increased about 2.5-fold in Glu 282 3 Lys and as much as 5-fold in Glu 3 Ala, relative to wild type (Table III) . Hence, Glu 282 3 Ala that exhibited the highest Na ϩ -ATPase activity also displayed the highest dephosphorylation rate, demonstrating a good correlation between the Na ϩ -ATPase activity and dephosphorylation rate.
Dephosphorylation Kinetics at 25°C of Phosphoenzyme Formed at 20 mM Na ϩ -The dephosphorylation of E 2 P was, furthermore, studied following phosphorylation under conditions that promote the accumulation of E 2 P (presence of a low NaCl concentration of 20 mM with 130 mM choline chloride, cf. Fig. 9 ). These experiments were conducted only with the wild type and Glu 282 3 Ala, because according to the results in Fig. 9 a high level of E 2 P could not be accumulated for Glu 282 3 Lys. It is seen in Fig. 11 and Table III that under three different sets of dephosphorylation conditions, the dephosphorylation rate was significantly higher for Glu 282 3 Ala as compared with the wild type. The difference was 1.7-fold for the K ϩ -activated dephosphorylation observed in the presence of 1 mM K ϩ and 20 mM Na ϩ (Fig. 11A, triangles) , 5-fold for the K ϩ -independent dephosphorylation in the presence of 200 mM Na ϩ without K ϩ (Fig. 11A, circles) , and 4-fold for the K ϩ -independent dephosphorylation in the presence of 20 mM Na ϩ without K ϩ (Fig. 11B) . Thus, the difference between the mutant and the wild type with respect to the K ϩ -independent dephosphorylation was maintained independently of whether dephosphorylation was initiated from E 1 P (Fig. 10B ) or E 2 P (Fig. 11) . The decrease in Na ϩ concentration from 200 to 20 mM led to similar reductions of the dephosphorylation rate of Glu 282 3 Ala and the wild type (2-3-fold), suggesting that the affinity of the activating extracellularly facing Na ϩ sites is nearly unaffected by the mutation. The 2-3-fold lower dephosphorylation rate at 20 mM Na ϩ correlates nicely with the close to 2-fold lower Na ϩ -ATPase activity at 20 mM compared with 200 mM Na ϩ (Fig. 8) , thus supporting the notion that the high Na ϩ -ATPase activity of Glu 282 3 Ala is because of enhanced dephosphorylation.
DISCUSSION
The present mutational analysis, summarized in Tables I-III, reveals that the glutamic acid residue Glu 282 is critical to at least three important functions of the Na ϩ ,K ϩ -ATPase: (i) the conformational transitions between E 1 and E 2 forms of dephospho-and phosphoenzyme, (ii) Na ϩ binding at the cytoplasmically facing sites, and (iii) long-range interaction between the extracellularly facing cation binding sites and the catalytic site controlling the dephosphorylation of E 2 P.
Conformational Transitions-In titrations of vanadate and ATP dependence of Na ϩ ,K ϩ -ATPase activity (Figs. 4 and 5, Table I ), Glu 282 3 Lys and Glu 282 3 Asp displayed a 6 -8-fold increase of the apparent affinity for ATP and a 6 -7-fold decrease of the apparent affinity for vanadate, relative to the wild type. Because ATP binds with high affinity to E 1 and with low affinity to E 2 (K 2 ), and vanadate binds to E 2 (K 2 ) but not to E 1 , these findings indicate that the lysine and aspartate substitutions change the distribution of E 2 (K 2 ) and E 1 in favor of E 1 under the conditions prevailing during measurement of ATPase activity. Conversely, the 2-3-fold increase of the affinity for vanadate displayed by the mutants Glu 282 Lys with respect to the apparent affinity for ATP or vanadate is remarkably high, 20-fold for each ligand, suggesting a profound influence of the side chain at position 282 on the conformational changes.
In accordance with these effects, the data in Fig. 6 demonstrate that the rate constant characterizing the K ϩ -deoccluding E 2 (K 2 ) 3 E 1 conversion was increased in Glu 282 3 Lys and Glu 282 3 Asp and decreased in Glu 282 3 Ala and Glu 282 3 Gly, relative to wild type (Table II) . It is noteworthy that the concentration of ATP was kept at only 1 M in the K ϩ -deocclusion experiments to avoid the effect on the E 2 (K 2 ) to E 1 conversion of ATP binding with low affinity to E 2 (K 2 ). Hence, the results of the K ϩ -deocclusion studies supplement and extend the ATP and vanadate titrations of ATPase activity by showing that the mutations exert an effect on the E 2 (K 2 ) to E 1 conversion also at low ATP concentration. FIG. 10 . Dephosphorylation of phosphoenzyme formed at 600 mM NaCl. Rapid kinetic measurements at 25°C of dephosphorylation of phosphoenzyme formed in the presence of 600 mM NaCl and 2 M [␥- 32 P]ATP were carried out with the wild-type Na ϩ ,K ϩ -ATPase (filled circles) and mutants Glu 282 3 Ala (open circles) and Glu 282 3 Lys (open diamonds) using the QFM-5 module according to Protocol 2a described under "Experimental Procedures." Dephosphorylation was monitored by addition of a chase solution producing final concentrations of 200 mM NaCl and 1 mM unlabeled ATP, together with 20 mM KCl (A) or no KCl (B), followed by acid quenching at the indicated time intervals. The data points are average values corresponding to four to nine independent experiments, calculated following normalization to the 100% value obtained by quenching after 5 s of phosphorylation without dephosphorylation. Each line shows the best fit of a monoexponential time function to the complete set of normalized data. The rate constant is shown in Table III together with the standard error obtained in the regression analysis.
The K ϩ deocclusion studies, furthermore, allowed the assessment of the equilibrium level of E 2 (K 2 ) attained in the absence of ATP and Na ϩ (from the extrapolated ordinate intercept in Fig. 6 ). In this condition, the reverse occlusion step E 1 ϩ K ϩ 3 E 2 (K 2 ), which depends on the affinity of the E 1 form for K ϩ as well as the E 1 K 2 to E 2 (K 2 ) transition rate, is of much more significance than in the situation where Na ϩ binding to E 1 and ensuing phosphorylation drives the reaction forward toward E 1 P(Na 3 ). Glu 282 3 Lys showed a reduced equilibrium level of E 2 (K 2 ), relative to wild type, whereas the level of E 2 (K 2 ) was increased in Glu 282 3 Ala and Glu 282 3 Gly, the apparent K plasmically facing sites seen for all the mutants, including the E 1 -type mutants, must take into consideration that Glu 282 is located at the cytoplasmic surface of the membrane, 20 -25 Å from the residues generally believed to make up the cation binding pocket. This seems to exclude a role for Glu 282 as an integral part of this pocket. One explanation of the reduced Na ϩ affinity could be a long-range effect on the cation binding residues in M6 exerted through a change in the interaction between M3 and L6 -7. Moreover, to reach the cation binding pocket the Na ϩ ions probably have to pass through an entry pathway extending from the cytoplasmic surface, and it may be speculated that Glu 282 and the neighboring M3 residues are closely associated with such a pathway. It is possible that Glu 282 binds Na ϩ transiently on its way to the binding pocket, or that interaction between Glu 282 and L6 -7 is important for holding the entry pathway open at its proper diameter. It is interesting to note that compound chimeric mutations in the NH 2 -terminal part of M3 of the Ca 2ϩ -ATPase have been shown to reduce the Ca 2ϩ affinity of the E 1 form to an extent similar to that observed here for Na ϩ (23) . Thus, whatever the structural basis is, the importance of this region for the cation affinity of E 1 seems to be universal among the P-type ATPases.
